A new gene belonging to the EpWEcWElk receptor tyrosine kinase family has been cloned from mouse brain. The gene maps to mouse chromosome 4. In the adult brain it is expressed exclusively and abundantly in the hippocampus. We propose to name it Ebk (embryo brain kinase), as in situ hybridisation shows expression in many parts of the developing mouse brain. The most abundant expression is in the subcommissural organ, and the earliest expression is in the forebrain neural folds, in rhombomeres 2-6, and in somites and heart. Other regions positive at various stages include the cochlear duct, trigeminal ganglion, lung, first branchial arch, and tooth primordia. Also positive are areas of mesenchyme underlying various epithelia during morphogenesis, especially in the mouth and nose, as well as in the eyelids and toes. We compare these patterns with the available data on the 12 other known members of this gene family. Most of them, like Ebk, are expressed in brain (especially adult hippocampus and embryonic rhombomeres) and in organs rich in epithelia (especially lung), although the spatial and temporal patterns differ. We suggest that combinatorial patterns of these receptors act as labels for the regional identity of neurons and epithelia, and could mediate fine control of neurite pathfinding and epithelial morphogenesis.
Introduction
The number of known receptor tyrosine kinases is rapidly growing. They include many that are involved in Q Martin Breitman passed away on 13 February 1994, and cell fate decisions during development, including many in the nervous system. One example is W/kit in mammals, which is necessary for migration of several types of stem cell and is also expressed in the developing nervous system (Geissler et al., 1988; Keshet et al., 1991) . Another is sevenless in insects, which is the receptor for a signal inducing differentiation into the R7 type of photoreceptor (Rubin, 1991) . In the vertebrate brain, receptor tyrosine kinases include the Trk family of receptors for nerve growth factor and related neurotrophins (Chao, 1992; Meakin and Shooter, 1992; Davies, 1994) , and the family of receptors for fibroblast growth factors, which can also have neurotrophic activity (Heuer et al., 1990; Wanaka et al., 1990; Lai and Lemke, 1991) . In the peripheral nerv-tyrosine kinases, which form receptors for the heregulin or glial growth factor family of ligands (Lemke, 1993; Plowman et al., 1993) . In the adult brain, tyrosine kinase activity is implicated in long-term potentiation of synapses (O'Dell et al., 1991; Grant et al., 1992) . The concept of receptor-linked tyrosine kinases has recently been broadened by the discoveries that various families of cytosolic tyrosine kinases transduce signals from cytokine receptors and from immunoglobulin-related cell surface molecules. So there is increasing evidence that tyrosine kinases are implicated in signal transduction at many stages of nervous system development, including the maintenance of precursor cell proliferation, induction of neural differentiation, neurite adhesion, maintenance of neural survival in a competitive target environment, synapse formation, and synaptic modification in the adult brain.
There are numerous genes homologous to receptor tyrosine kinases for which functions have not yet been identified.
These include many members of the Eph/EcWElk family, most of which are expressed in brain.
This family now contains 12 members (Hirai et al., 1987; Lai and Lemke, 1991; Sajjadi et al., 1991; GilardiHebenstreit et al., 1992; Kuma et al., 1993; Maisonpierre et al., 1993; Sajjadi and Pasquale, 1993; Henkemeyer et al., 1994; Zhou et al., 1994 ; see Discussion for details). They are closely homologous in the tyrosine kinase domain, and share a distinctive set of extracellular domains including a cysteine-rich region and two fibronectin type III domains, one of them being interrupted by an insert with four cysteines (Fig. 1 ). We will refer to this as the ELK (Eph-like kinase) family. Several members have been localised in the adult hippocampus (Lai and Lemke, 1991) and in embryonic rhombomeres Ganju et al., 1994; Henkemeyer et al., 1994) as well as in various epithelial organs in the adult or embryo (see Section 3 for details). However, no ligands had been identified for any of them until very recently, and no function
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Fnlll Fnlll has yet been identified for any of these putative receptors or their ligands. In the search for genes for new receptor tyrosine kinases, the polymerase chain reaction (PCR) has proven to be an effective method in nervous tissue as well as elsewhere (e.g. Kamb et al., 1989; Wilks, 1989a,b; Lai and Lemke, 1991; Gilardi-Hebenstreit et al., 1992; Marcelle and Eichmann, 1992; Ziegler et al., 1993) . To search for new receptor tyrosine kinases which might be involved in neural development, we have performed PCR on cDNA from rodent brains of different ages. Here we report a gene initially obtained from adult mouse brain cDNA, which is also expressed in many areas undergoing neural differentiation or tissue morphogenesis in the embryo. This is a new member of the ELK family. In conformity with names for other members of the family, and in view of the expression patterns that we describe, we propose to name it Ebk for embryo brain kinase.
Results

Cloning and sequencing
To look for new tyrosine kinases in brain, we performed PCR on mouse brain cDNA, and cloned and sequenced the products. Almost all the clones were members of kinase families. They included 12 clones homologous to serine/threonine kinases, 15 homologous to soluble tyrosine kinases (8 clones of Jak2 and 2-3 each of Jakl, Abl, and Fyn), and 13 homologous to receptor tyrosine kinases. The latter included five clones very similar to clone tyro-3 (Lai and Lemke, 1991) , four identical to Flg (FGF receptor family), one identical to Flk2, and three apparently new ones. One of these, clone TK29, was clearly a member of the ELK family.
A longer cDNA clone was obtained by plaque hybridisation of a mouse embryo cDNA library. The 2.1 kb insert contained coding sequence for 568 amino acids, followed by 388 nucleotides of 3' untranslated sequence and (Wicks et al., 1992) . The Ebk sequence is incomplete at the 5' end. The cDNA sequence has been submitted to the European Bioinformatics Institute (formerly EMBL) database, accession no. X81466.
nucleotides of poly(A)
. The DNA sequence has been submitted to the European Bioinformatics Institute (formerly EMBL) database, submission no. X8 1466.
The encoded sequence is shown in Fig. 2 . It matches the last extracellular fibronectin type III domain, and the whole intracellular domain, of an ELK-family receptor tyrosine kinase. Although the closest homologue is Hek, this is clearly a novel gene, which we name Ebk (embryo brain kinase).
According to BLAST screens, the amino acid sequence shows similarly high degrees of homology to ELK family genes Cek-8 from chicken and Sek, Bsk, and Hek from mammals. In Fig. 2 it is aligned with human Hek; the homology is 86% in the kinase domain, 53% in the fibronectin type III domain, and less than 50% in the transmembrane and C-terminal regions. The most noticeable difference from other ELK family members is a 7-amino acid insertion immediately before the transmembrane segment.
Chromosomal location
The mouse chromosomal location of Ebk was determined by interspecific backcross analysis using progeny from matings of [(C57BL/6J X M. spretus)F, X C57BL/ 6J] mice. This interspecific backcross mapping panel has been typed for over 1600 loci that are well distributed among all the autosomes as well as the X chromosome . C57BL/6J and M. spretus DNAs were digested with several enzymes and analysed by Southern blot hybridisation for informative restriction fragment length polymorphisms (RFLPs) using the Ebk cDNA probe. Three M. spretus-specific Sac1 RFLPs (see Section 4) were used to follow the segregation of the Ebk locus in backcross mice. The results indicated that Ebk is in the proximal region of mouse chromosome 4 linked to Mos and Cga. Although 116 mice were analysed for every marker and are shown in the segregation analysis (Fig. 3) , up to 119 mice were typed for some pairs of markers. Each locus was analysed in pairwise combinations for recombination frequencies using the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analysed for each pair of loci and the most likely gene order are: centromere -Mos -6/l 17 -Ebk -3/l 17 -Cga. The recombination frequencies (expressed as genetic distances in centimorgans (CM) + standard error) are: Mos -5.1 (k2.0) -Ebk -2.6 (k1.5) -Cga.
We have compared our interspecific map of chromosome 4 with a composite mouse linkage map that reports the map location of many uncloned mouse mutations (compiled by M.T. Davisson, T.H. Roderick, A.L. Hillyard and D.P. Doolittle, and provided from GBASE, a computerised database maintained at the Jackson Laboratory, Bar Harbor, Maine). Ebk mapped in a region of the composite map that lacks any mutations with a phenotype that might be expected for an alteration in this locus. The proximal region of chromosome 4 shares a region of homology with human chromosomes 6q and 8q (summarised in Fig. 3 ). This suggests that the human homolog of Ebk will reside on one of these chromosomes.
Distribution of Ebk gene expression
In the adult mouse, northern blots were used to examine the tissue distribution of Ebk transcripts. RNA from mouse hippocampus, where in situ hybridisation shows a strong signal (see below), shows an abundant 4-kb mRNA (Fig. 4) . Other blots, using 1.5 pg of poly(A)+ RNA per lane, showed a weak band in adult brain but nothing in adult lung, kidney, muscle, small intestine, spleen, or liver. Therefore, Ebk is not abundantly expressed in these organs in the adult mouse.
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In the brain and in mouse embryos, distribution was examined by in situ hybridisation (ISH) to tissue sections. ISH was carried out on adult mouse brain, on postnatal lday and E17Sd and E15Sd mouse heads, on E16d rat brain, and on whole mouse embryos between E14.5d and E9.5d. Probes from different parts of the gene (Fig. 1) gave the same results. Brain and head are illustrated in Figs. 6-l 1, hybridised with probe 7; whole embryos are shown in Fig. 12 , hybridised with probe 1. Unless otherwise stated, these figures show sagittal sections with dorsal side up. Paired bright-field and dark-field images are shown.
The results for each region are described working backwards in time.
Brain. In adult mouse brain, Ebk is strikingly expressed in the hippocampus and nowhere else (Figs. 5 and 6) except for a few weakly positive cells in the subiculum. The signal is strong throughout the pyramidal cell layer and dentate gyrus granule cell layer, but the pyramidal cell layer is noticeably stronger in CA1 than elsewhere.
At Pld and E17.5d, signal is also seen in hippocampus (Fig. 7) though it is weaker in the dentate gyrus which is incompletely formed at those stages. The signal is variable at E17.5d when the hippocampus is only just acquiring its characteristic shape, but weak signal can be seen in the future hippocampal area as early as E15.5d.
At Pld, E17.5d and E15.5d, many other areas of the brain are positive (Table IA; Figs. 5, 7, 8) . Signal is seen throughout the cerebral cortex, including the whole thickness of the cortical plate and subplate. At E15Sd, this is not present in all areas, and there is no signal in telencephalon at earlier stages. Signal is also seen in several parts of the thalamus, mainly dorsal; this first appears around El4Sd or slightly earlier. The mammillary area of the hypothalamus is conspicuously positive at all these stages, and this signal can be seen as early as El0.5d or even E9.5d, when this area of neuroepithelium is not obviously differentiated.
The rostra1 half of the superior cohiculus or tectum between Pld and El3Sd shows a broad, moderate signal, fading away diffusely in the cauda1 direction (Figs. 5, 7, 10, 13A) .
One of the most impressive areas of Ebk expression is at the rostra1 end of the tectum: the subcommissural organ (X0).
There is an extremely intense signal in a sharply defined patch of thin, medial and dorsal neuroepithelium (Figs. 8 and 9). We have localised this most precisely in embryos of E15.5 to E13.5 days (including transverse sections) and in the E16d rat brain. Posteriorly it is bounded by thicker tectum, anteriorly it partially surrounds the pineal epiphysis (which is negative), and it does not extend far from the midline. This coincides precisely with the subcommissural organ, a little-known member of the class of circumventricular organs that are thought to mediate chemical communication between the blood and the ventricles. At these stages it is distinct from the weaker, more diffusely hybridising anterior tectum (posteriorly, the two areas of hybridisation are not adjacent, as the strongly positive SC0 lies deeper while only Table 1A Regions positive for Ebk mRNA by in situ hybridisation: head the lateral part of the tectum is positive; Fig. 9A ). Before E135d, the SC0 is not morphologically distinct, but its primordium is included in a strongly hybridising area of dorsal diencephalon and rostra1 tectum (see Section 2.4).
The hindbrain is negative in the adult but contains several positive structures at Pld, El7Sd, and Ei4.5d (and in E 16d rat). At all these stages, there is signal in parts of the developing cerebellum (but not in the external granule layer), and in part of the rapht region, and in several areas of the medulla (also seen earlier; Figs. 10 and 12). Transverse sections at El5d (not shown) show that the most striking positive nucleus is the superior olive, while broad, strongly positive zones in the lateral medulla (and also in the lateral pons) coincide with the spinal nucleus of the trigeminal nerve.
The medullary signals develop out of a more general region of Ebk expression in the segmented hindbrain at E9.5 days (Figs. 12,13 ). Strong signal is seen in rhombomeres 3, 4, 5, and the rostra1 part of rhombomere 6; there is also weak signal in rhombomere 2 ( Fig. 13 ). Levels are highest in rhombomere 5. Signal is mainly in the inner (luminal) part of the neuroepithelium, and mainly on the ventral side.
Earlier stages of brain expression were studied in intact embryos (see below).
Other parts of head. The developing head expresses Ebk in several peripheral neural and non-neural structures (Figs. 8, 11, 12) .
The trigeminal ganglion is positive between Pl and E13.5d.
The inner ear is one of the most persistent sites of expression. Most of the cochlear epithelium is strongly positive at all stages up to Pld (we have not looked at it in the adult). Transverse sections at El5d show the signal is also present on part of the epithelium in the utricle and saccule, but absent from the semicircular canals. The cochlear expression begins in the otic vesicle at E9.G 9.5d (Fig. 13 ).
There is hybridisation in the meninges at most embryonic stages, and particularly in tissue within the mesencephalic flexure, which may be meninges or mesenthyme. Rathke's pouch, however, is negative.
Signal is seen in many areas of the developing face. It is mainly in mesenchyme deep to various epithelia, at places where marked morphogenesis is occurring; in some such places it extends quite deep. It is most evident between El55 and El25 days. At these stages, there is hybridisation in the mesenchyme of the palate, of the upper and lower lips, of the floor of the mouth, of parts of the external auditory meatus, and of the inner sides of the eyelids. Signal in the posterior part of the palate is very intense and persists at least as late as Pld. The tongue is mostly negative although signal is sometimes seen in the ventral half.
Some follicles of nasal whiskers and of teeth ( Fig.  1 IB) are positive between Pld and E14.5d. There is also rather weak signal in some regions of cartilage at E15.5 and E14.5 days, viz. Meckel's cartilage (Fig. S) , and a ventral strip of nasal cartilage, and sometimes in the otic capsule. Other areas of cartilage are negative.
These positive regions of the developing nose and mouth can be seen emerging from less differentiated stages. At El 3.5 to E10.5, there is widespread although not very strong hybridisation in the snout and the first branchial arch (Fig. 12) .
Rest of the body. Ebk is transiently expressed in several tissues during organogenesis (Table IB,C; Fig. 12 ). These sites have not been mapped in detail nor followed beyond E14.5d. One of the most persistent sites is the lungs and bronchi, which are positive starting with the lung rudiment at E10.5d. The heart shows signal which is variable between embryos, sometimes weak and incomplete but sometimes strong all over the heart, peaking between E12.5 and E10.5d. Some major arteries also show signal. There is weak, patchy expression in the developing kidney.
Between E14.5 and E12.5, there is strong expression in the mesodermal parts of various morphogenetic structures, but not in the associated epithelia. In the feet, it appears to be in mesenchyme where each of the toes is beginning to grow out. In the midgut loop in the umbilical hernia, strong signal surrounds the endoderm in one limb of the loop but not in the other. In the genital tubercle, there is diffuse signal on the dorsal side. At slightly earlier stages, strong signals are also seen in the wall of the mesonephric duct and on the ventral side of the aorta; these too may include adjacent mesenchymal areas.
The most conspicuous post-cranial expression, between El35 and E10.5, is in mesoderm around the spinal cord and between the dorsal root ganglia and alongside the vertebrae. This begins at E9.5-ElOSd in undifferentiated tissue flanking the spinal cord, including part of the somites, and possibly also diffuse mesenchyme or neural crest (Figs. 12C) . These signals are weak or absent by E14.5d. The spinal neural tube is always negative.
Ebk gene expression in early embryos
Expression before ElOd was studied by ISH to intact ('whole-mount') embryos, to determine when Ebk is first turned on (Table 1C; Figs. 14 and 15).
The hindbrain expression first appears faintly about E8.5d (19 somites, embryo just starting to turn). This first region is ill-defined but probably becomes rhombomeres 2 and 3. Rhombomere 5 becomes positive later (about 12 somites, turning almost complete), and rhombomere 6 very soon afterwards.
By E9.5d (>20 somites, fully turned), the pattern is as in Fig. 13 .
The forebrain/midbrain expression first appears faintly on the crests of the forebrain neural folds, even before they fuse, before E8.5d (unturned embryo). As they fuse, it becomes stronger, starting at the forebrain/midbrain boundary which becomes the SCO. (At this stage (8-13 somites), the signal is also visible extending weakly into the optic evaginations.) The outcome is an intensely positive strip along the dorsal midline of the forebrain by E9.5d, which later concentrates in the SC0 and rostra1 tectum to give the pattern described above.
In mesodermal tissues, whole-mount ISH shows that the somites become positive around E8.5d (7-9 somites, embryo half-turned). The heart is positive even earlier, in unturned embryos.
Discussion
The Eph-like kinase family
Ebk is the thirteenth member of the Eph-like kinase family to be identified, according to the listing presented in Table 2 . In this table, probable species orthologs are identified by their degree of homology, largely from the dendrograms of Sajjadi and Pasquale (1993) and Maisonpierre et al. (1993) . The numbering of genes in this table is arbitrary and there is so far no systematic nomenclature for the family, which we call the ELK (Eph-like kinase) family.
Since first submission of this paper, Fox et al. (1995) have reported more clones for human ELK genes, all Ebk New a Also tyro-4 [2] may be orthologous to Mek-4, but this is uncertain as sequence is only available from a very conserved region, This numbering agrees with that being proposed by members of Amgen (Fox et al., 1995) . except that they list tyro-II/Myk-I as no. 13 and their human orthologue of Ebk (HEK-11) as no. 11. They report additional human orthologues. Note that these tyrosine kinases are not related to kinases in the MAP kinase cascade (ERK, MEK, SEK) nor to transcription factors (ELK) which have been given the same abbreviations. References to Tables 2 and 3 (1992) ; 18, Irving et al. (1994); 19, Ganju et al. (1994); 20, Becker et al. (1994) ; 21, Ruiz and Robertson (1994) ; 22, Andres et al. (1994) ; 23, Soans et al. (1994). orthologous to genes in Table 2 . Their numbering agrees with Table 2, except that they list their human orthologue of Ebk (HEK-II) as no. 11, and tyro-I I/Myk-I as no. 13.
3.2, Expression patterns of Ebk
We have shown that, in adult brain, Ebk is expressed solely in the hippocampus. The most obvious property of the hippocampus is long-term potentiation (LTP), which raises the possibility that Ebk might be involved in this process (see below). It is unlikely to be involved in developmental specification of the hippocampus as the strong expression only appears shortly before birth as the hippocampal morphology appears.
However, in the developing brain, while neurons are migrating and forming connections, Ebk is much more widely expressed. There are two very early locations, in the forebrain and the hindbrain. The hindbrain expression can be related to the hindbrain segments or rhombomeres (Lumsden and Keynes, 1989; Wilkinson and Krumlauf, 1990; Graham, 1992) . Rhombomeres are compartments, in the sense that cells acquire 'even' or 'odd' identity and show only limited migration into a rhombomere of opposite identity (Fraser et al., 1990; Guthrie and Lumsden, 1991; Guthrie et al., 1993; Birgbauer and Fraser, 1994) . This implies cell-cell interactions in which a receptor tyrosine kinase might be involved. Alternatively, such a receptor might function later, as amarker for the segmental identity of neurons (see below).
The forebrain expression, in contrast, seems more related to morphogenesis, as it appears on the crests of the neural folds and is enhanced as they fuse. (Indeed, we found one aberrant embryo of 12 somites with fusion at the rostra1 as well as caudal end of the forebrain, with Ebk in both lines of fusion but not between them; data not shown.) The line of fusion does not develop into neural tissue, and Ebk expression fades away, except at the cauda1 end where fusion began.
This caudal end becomes the most striking location of Ebk in the developing brain: the subcommissural organ (SCO), which overlies the junction between the third ventricle and the midbrain aqueduct. This is one of the circumventricular organs, areas of midline neuroepithelium in which there appears to be chemical communication between blood and cerebrospinal fluid (Rodriguez et al., 1987) . The SCO, unlike the others, has an intact blood-brain barrier, although it is highly vascular. It appears in all vertebrates although it degenerates after birth in the human. Its function is uncertain; there is some evidence for a role in regulation of the body's salt and water balance in association with the adrenal cortex, although the SC0 is not essential for life (Severs et al., 1987) . It also secretes Reissner's fibre, a fibrous rod which extends all the way down the lumen of the neural tube.
The SC0 ependymal cells receive serotonergic synapses in the rat but not in the mouse. This innervation is established postnatally in the rat, and inhibits S-100 protein expression and induces GABA uptake in the SC0 cells (Wiklund, 1974; Wiklund et al., 1977; Didier-Bazes al., 1992) . In view of these species differences, it is noteworthy that Ebk prenatal expression is the same in rat and mouse.
The development of the SC0 in the mouse embryo was described by Rakic and Sidman (1968) . It becomes histologically identifiable on the tenth day of gestation (presumably E9Sd), when the ependyma there is thinner than in adjacent areas. The SC0 develops without evident migration of cells. It becomes morphologically distinct between El2 and E14d, at which time secretion of Reissner's fibre begins, and its cells perform their final DNA replication between El 1 and E15d. The stages between El2 and E15d are also when we see extremely high expression of Ebk in the SCO.
The cochlea is another major site of expression of Ebk, beginning as soon as the otic vesicle invaginates, and continuing until after birth. Also in the peripheral nervous system, the trigeminal ganglion is positive at all stages that we have examined. In contrast, dorsal root ganglia show little or no Ebk expression. Ebk is also expressed in many non-neural embryonic organs and tissues, notably in mesoderm underlying epithelia at times of conspicuous morphogenesis.
Such sites include the toes, genital tubercle, eyelids, ears, and many parts of the mouth and nose. There is also expression in the heart (briefly), lung, and kidney, during organogenesis; in these cases we cannot resolve which tissue layer is positive. (Conversely liver, muscle, and most skeletal structures are negative.) The induction of these morphogenetic events presumably involves reciprocal signalling between the cell layers, and Ebk might function as a receptor in these processes.
Many of these sites of expression have also been recorded for other members of the ELK family, and to understand their roles, it will be necessary to consider not just one gene, but the whole family together.
Expression patterns of the Eph-like kinase family
There is some information on the expression patterns of all the 13 members of the ELK family listed in Table 2 . Expression patterns were surveyed in rodents unless otherwise specified. Symbols for tissues: O.E., other epithelia; O.O., other organs; Hipp., hippocampus ('All', in all major cell layers; Ehk-I/&k(7) more abundant in CA2-4); Cx., cortex (Phi., piriform cortex); Cbl, cerebellum (Pur. or P., Purkinje cells; GC, granule cells; EGL, external granule layer; PF, parallel tibres). Symbols for expression patterns: ++, strong; +, present; (+), weak; (-), barely or variably detectable; -, absent. Some of the weak signals could be due to expression in ganglia or Schwann cells. Blank means not tested. a Also in adult: ryro-6(2), Schwann cells (+); Me/r-4(4), testis +; E&(6), testis (+); SeWrym-l(l), heart (+); Cek-9 in chick, thymus ++; Cek-IO in chick, kidney ++. Hek(4) is also transcribed in human lymphoid cell lines. Also in embryos: (L), including lung; (H), including heart. See Table 2 for key to references.
In the interests of clarity in this discussion, we append the numbers from Table 2 to the mammalian gene names, in the form Eph( 1) and Ebk( 13); these numbers are not intended as a formal nomenclature but are chosen to match those given to the chick genes Cek-4 to Cek-10. In the following discussion, we consider avian and mammalian genes separately, giving a total of 19 genes. All have been mapped at least by northern blots on adult tissues, and some by other techniques and in embryos. Table 3 gives a brief summary of the expression patterns so far reported, with references. This table is provisional because the expression patterns have been determined by different groups with different degrees of sensitivity and completeness. This is particularly true of embryos where Nuk(5) and Sek(8) were studied in detail in early stages whereas the 'tyro' and 'Cek' genes were only investigated by northern blots from mid-to-late stages. In the adult, most data are from northern blots but some groups used western blots. For several genes there are splice variants which may be differentially expressed. Ebk is the first to have been mapped systematically throughout development.
There are many similarities between expression patterns of different members; however, these patterns do not appear to be strongly conserved between mammals and birds. Thus Cek-4, -5, -6 are expressed in many organs in chicken although their putative mammalian orthologs are expressed only in brain and (for Erk(5)) in lung. Conversely Cek-7 is almost switched off in the adult chicken brain while Ehk-l(7) is widespread in adult rodent brain.
In the adult, the brain is obviously the major site of expression of this family: seven of the 19 genes, including Ebk( 13), have been recorded at substantial levels only in the brain or other neural tissue, with a few exceptions. All other members are also expressed in brain except for E@(l). (Patterns within the brain are discussed below.) Of the 15 genes that have also been looked for in embryos, again, all but one are expressed in the brain or head, often more abundantly than in the adult brain. Cek-7, ryro-4(4?), and Ebk(l3) are notable in being expressed in embryo brain but hardly at all in adult brain, while Ehk-2(12), the only one to be very weak in embryo brain, is expressed strongly in adult brain.
Non-neural sites of expression are predominantly epithelial organs (especially for &h(l), E&(2), Hek-2(10), and Cek-IO), and the most frequent site is the lung. This seems surprising given its apparent simplicity as a tissue compared to the brain. Of three genes whose predominant expression is in brain, SeWryro-I(8) and Erk(5) also show major expression in lung, and Cek-5 in various tissues including lung. We note that embryonic lung also expresses Ebk( 13).
mapping of Nuk(5) and Sek(8) in early embryos showed much less non-neural expression than for Ebk, but there were some parallels. The heart is a major site of Ebk expression in the early embryo, and weakly expresses Sek in the adult, and the main non-neural location for Nuk is the sinus venosus of the heart (Henkemeyer et al., 1994) . Many of these genes are also expressed in early developing mesoderm and neural-crest mesenchyme, in patterns which are too complex to summarise briefly.
The other nine genes are expressed in many organs in the adult; for several of them, brain and lung are again among the most conspicuous sites (Cek-6, Cek-8, and
Hek-2(10)).
Cek-9 is most abundant in the thymus, and Cek-10 in the kidney. Expression of one or another ELK family gene has been seen in endodermal, mesodermal, and neurectodermal organs.
Expression patterns in the adult brain. Of the eight genes that have been mapped by ISH within the adult brain, Ebk(13) and tyro-4(4?) have the most limited expression; all others are found in hippocampus, cortex, and cerebellum. Ebk appears only in the hippocampus. The hippocampus is also a major site of expression for the other seven genes; in each case the expression is localised over the major cell layers, i.e. the pyramidal cells and/or dentate gyrus granule cells. Five of the seven genes are expressed in all the hippocampal sectors (including Cek-5 in chick, which does not have the characteristic topology of the mammalian hippocampus); but Ehk-I/&k (7) is mostly expressed in sectors CA2, CA3, and CA4, while Ebk(13) is slightly less abundant in those sectors than elsewhere. In embryos, judging by the far-from-complete data The cerebellum expresses all eight genes except published, non-neural expression is probably more comEbk( 13) and tyro-4(4?); five of these genes are expressed mon than in the adult, as we found for Ebk. The detailed in the Purkinje cells, Ehk-2(12) also in the granule cells, and chick Cek-5 in the granule cells (external granule layer and parallel fibres by immunohistochemistry) but not in the Purkinje cells.
Other parts of adult brain have not been systematically examined for all eight genes, but at least Cek-5, Ehk-I/Bsk(7), and Ehk-2(12) are widely but non-uniformly expressed. Several genes are expressed in at least part of the cortex , and we note that Ebk is expressed in fetal cortex but switched off in the adult.
Expression patterns in the embryo brain. In the early embryo brain, it is interesting to compare the Ebk expression pattern with the detailed mapping of Nuk/Sek-3(5) (Becker et al., 1994; Henkemeyer et al., 1994) , Sek(8) , and Sek-4(10) (Becker et al., 1994) . In addition, recently, Eck/Sek-2(2) has been mapped up to E9.5d, but its cerebral expression is limited to rhombomere 4 (r4), as well as some cranial ganglia (Ganju et al., 1994; Becker et al., 1994) .
The early distributions of Nuk, Sek, Sek-4, and Ebk show remarkable similarities and differences.
In the hindbrain, all four genes are expressed mainly in odd-numbered rhombomeres, but with slight differences. Sek(8) appears just before E8.0d and shows rapid regulation, appearing from r2 to r6 but mainly in r3 and later in r5. Nuk(5) appears about the same time in r2, r3 and r5. Sek appears sufficiently early that it might be involved in setting up the segmental pattern and inducing Krox-20 , while the immunolocalisation of Nuk protein to the dorsal surfaces of neural tube cells at El l.Sd, where they contact adjacent mesenchymal cells, might suggest a role in subsequent morphogenesis of the brain (Henkemeyer et al., 1994) . Sek-4(10) becomes confined to the rhombomere region around E8.0-E8.5d Fig. 13 . Ebk in the rhombomeres (numbered) and otic vesicle (ov). These are parasagittal sections of the hindbrain region at E95d; anterior to right. All are hybridised with probe 2, except for C which shows stronger signal with probe 1. Note signal in rhombomeres 2 (weak), 3, 4, 5 (strongest, except in A), and 6 (rostra1 half). The signal is mainly in the inner (luminal) part of the neuroepithelium, and is absent from rhombomere 5 in A because the section cuts only the lateral edge of that rhombomere. In some sections, signal can also be seen in mesoderm flanking the spinal cord. Branchial arches are at bottom. Compare with expression of other ELK genes in Fig. 7 of Becker et al. (1994) . Segmental pattern appears at E8.0-8.5d (Sek and Krox-20 expression) and E&5-9.Od (morphological). (Becker et al., 1994) , and Ebk comes on here at E8.5 E9.0d (8-16 somites); both genes are thus slightly later than Sek and Nuk, but show a very similar shifting pattern, with rise in r3 slightly before r5. Thus Ebk and Sek-4(10) come on just as morphological segmentation begins, and after Krox-20 expression starts. In chick, rhombomere compartment boundaries form at the same time as the morphological boundaries, between the 6-somite and 16-somite stages (Fraser et al., 1990; . If this is also true in mouse, Ebk and &k-4(10) come on too late to be involved in segmentation, but could contribute to Iabelling cells with their rhombomeric identities.
In the otic vesicle (which is ectodermal but has many neural features), three of these four genes are expressed. Sek and Ebk are prominent, and Ebk persists in the cochlea at least until birth. Nuk appears only in a small area which evaginates to form the endolymphatic duct; again, Nuk protein was localised at membrane contacts with adjacent mesenchyme/neural crest cells, suggesting a role in sculpting the growth and form of this duct (Henkemeyer et al., 1994) .
In the forebrain and midbrain of the embryo, the four genes have almost complementary patterns. Near the ventral midline, Sek-4( 10) is expressed transiently then disappears, while Sek-3/Nuk(S) is abundant. Nuk(5) is strongly expressed along the ventral midbrain, optic chiasm, and telencephalon, but not in the hypothalamus, whereas Ebk( 13) is expressed in the mammillary area of the hypothalamus.
(Is there another Eph-like kinase that labels the remainder of the ventral hypothalamus?) Dorsally, Sek(8) labels the forebrain, becoming restricted to the telencephalon, while Ebk( 13) labels the forebrain dorsal midline, later becoming prominent at its posterior end (the SCO) and also appearing in the anterior midbrain. So the first four ELK family genes to be mapped form an almost-complete, non-overlapping, labelling system for these regions. In addition, the anterior-posterior gradient of Ebk expression on the tectum suggests that it might have a role in retinotectal mapping.
With reference to the strong expression of Ebk in the embryonic SC0 (we have not examined it in adult), it is worth noting that Ehk-2( 12) is strongly expressed in two other circumventricular organs, the adult pineal and pituitary (Maisonpierre et al., 1993) .
Functions of Eph-like kinases: combinatorial patterns?
The distributions described suggest strongly that these genes may be active in morphogenesis, including the segmentation of the neural tube and of mesoderm the subsequent development of the brain and ganglia, the formation of many organs that involve epithelial proliferation, and (notably for Ebk) the moulding of many of the orifices and protuberances of the body. But why are there so many of these receptors with similar expression patterns?
The emerging pattern seems to be that ELKS have largely overlapping domains, but also individual differences in the places and times of expression. Thus most of them are expressed in the brain and the lung (although for some of them, such as Ebk in the lung, only in the embryo), and some are expressed in other organs, particularly epithelial ones, Within the brain, most of them are expressed in the hippocampus, cortex, and cerebellum (including Ebk, but in the cortex and cerebellum only while immature), and some in other structures. Being cellsurface receptors, these patterns suggest that the ELKS act in combinations.
Perhaps a combination of ELKS on a neuron or epithelial cell is a label for regional identity and developmental stage, giving a precisely specified address for their interactions with other cells or matrix.
Given that receptor tyrosine kinases act as dimers, and that closely related ones can form heterodimers (Wada et al., 1990; Bellot et al., 1991; Schlessinger and Ullrich, 1992 ; also see Plowman et al., 1993) , it is possible that ELKS also might form functional heterodimers.
An important clue to the role of such combinatorial addresses on neurons is given by the recent immunolocalisation of Nuk (Henkemeyer et al., 1994) . It was found that Nuk is expressed on growing axons, including the growth cones. Likewise, Cek-8 immunoreactivity is present on growing motor axons (Soans et al., 1994) . We can therefore envisage each axon carrying an 'identity code' in the form of a combination of ELKS. The distribution of the ELK ligands is so far unknown; perhaps they too are expressed in a mosaic, either in territories through which the axons may grow (to guide pathfinding), or in the target tissues (to specify synaptogenesis).
Axons could navigate by sensing combinations of ligands. For example, if the observed rhombomere expression is shared by all the neurons, motor axons of rhombomeres 3 and 5 would heart, and somites. Positive regions are marked as follows: E, optic evaginations; F, forebrain neural folds, later fusing in midline; H, heart; M, midbrain; 0, otic pit or vesicle; S, first somite; r2-r6, rhombomeres 2-6. express Nuk, Sek, and Ebk (and very likely other ELKS also, cf. tyro-4(4?) in adult facial motor nucleus; however S&-4( 10) mRNA has disappeared by this time). Those of r.5 forming the facial nerve would have slightly more Ebk, while those of r3 entering the trigeminal nerve have Sek persisting longer.
Similarly, dendrites could navigate using ELKS over a much shorter range, and a system like this would be appropriate for dictating where synapses should form. Neurons do not make synapses indiscriminately, as shown for example by mammalian neurons in culture (Ruffolo et al., 1978) and by nematode mutants (White et al., 1992) . Are ELKS the molecules by which neurons identify correct partners for synapsing? This could be a role for ELKS in the adult brain, where axonal growth does not occur but synaptic remodelling does. It is an attractive explanation for the remarkable concentration of ELKS in hippocampal neurons, with their high potential for long-term potentiation (LTP). (LTP can also be elicited from neurons in the cortex, but much less robustly than in the hippocampus; Bear et al., 1992 , and references therein.) Although it is not obvious why LTP, a biochemical phenomenon at already established synapses, should have anything in common with neuronal growth, it is possible that anatomical recognition between the pre-and post-synaptic elements may be an element in it. There is no evidence for synaptic growth in LTP, but some physical remodelling of synapses may occur (Desmond and Levy, 1990; Geinisman et al., 1991) .
The first ligands for the ELK family have only just been discovered. Eck is bound by B61 (Bartley et al., 1994) , a small secreted protein (Holzman et al., 1990) which also appears to exist in a GPI-linked cell-surface form (Bartley et al., 1994) . B61 is secreted from endothelial cells after induction by TNFa; whether other tissues synthesise it has not yet been reported. Three other ligands, all homologous to B61 and all binding to multiple ELKS, have also been reported (Beckmann et al., 1994; Cheng and Flanagan, 1994; Davis et al., 1994; Shao et al., 1994) . They include LERK-2, which is expressed in many tissues including lung but not adult brain (Beckmann et al., 1994; Fletcher et al., 1994) , and ELF-l, which is expressed in mouse embryos in a complicated pattern overlapping those of its receptors (Cheng and Flanagan, 1994) . It will be important to know how many of these ligands there are, and where and when they are expressed. Are they displayed like a multicoloured carpet across which the ELK-labelled axons can find their way? 4. Materials and methods
Cloning and sequencing
Oligonucleotides and conditions for PCR were similar to those used by others (Wilks, 1989a,b; Lai and Lemke, 1991; Ziegler et al., 1993) . The oligonucleotides were designed to match the conserved coding sequences for peptides IHRDL and DVWSFG, with 5' extensions containing BamHI sites. The sequences were: 5'-ATCGGA-TCCAC2GNGAYYT-3' (encoding IHRDL) and 5'-ATAGGATCCA3AGGACCA4ACRTC-3' (complementary to codons for DVWSFG), where 2 = A/C, 3 = AIT, 4 = G/C, Y = T/C, R = A/G.
The template for PCR was double-stranded cDNA made from adult mouse brain using an Amersham cDNA synthesis kit. PCR produced a =200-bp band as expected. After cleavage with BamHI, it was gel-purified and cloned into M13-mp18. Clones were sequenced by the Sanger dideoxy chain termination procedure using the Sequenase 2 kit (U.S. Biochemicals).
To obtain longer cDNA clones, the PCR clone TK29 was used to screen an E12.5d mouse embryo cDNA library (Logan et al., 1992) . The 2.1 kb insert of the longest clone, called pTK29.4, was subcloned by PCR into pBluescriptSK+/-.
It was sequenced by the dideoxy method.
To identify the highest degrees of homology with other genes, a gene database screen was done using the BLAST network service at NCBI (National Center for Biotechnology Information).
The highest-scoring DNA matches were to mouse Bsk (Zhou et al., 1994) human Hek (Wicks et al., 1992) , and mouse Mek4 (Sajjadi et al., 1991) .
Chromosomal mapping
Interspecific mouse backcross progeny were generated by mating (C57BL/6J X M.spretus)F, females and C57BL/6J males as described . A total of 205 N2 mice were used to map the Ebk locus. DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot transfer and hybridisation were performed essentially as described (Jenkins et al., 1982) . All blots were prepared with Hybond-N+ nylon membrane (Amersham). The probe was the complete insert of pTK29.4, labelled with [a-32P]-dCTP by nick translation; washing was done to a final stringency of 1.0X standard saline citrate (SSC) with phosphate, 0.1% sodium dodecyl sulphate (SDS), 65°C. Major fragments of 14.5, 4.2 and 2.1 kb were detected in SacI-digested C57BW6J DNA and fragments of 14.5, 11.0, 5.0, and 2.5 kb were detected in SacI-digested M,spretus DNA. The presence or absence of the 11 .O, 5.0 and 2.5 kb M. spretus-specific Sac1 fragments; which cosegregated, was followed in backcross mice. The probes and RFLPs for the loci linked to Ebk, including Mos and Cga (Tsha), have been described previously (Ceci et al., 1989) . Recombination distances were calculated as described (Green, 1981) using the computer program SPRETUS MADNESS. Gene order was determined by minimising the number of recombination events required to explain the allele distribution patterns.
Synthesis of probes
The probes for gel blots and in situ hybridisation (ISH)
were as follows (see Fig. 1 ). Nucleotide numbering of clone pTK29.4 begins with 28 nucleotides of polylinker.
Probe 7. 35S-Labelled single-stranded DNA probe from the 5' part of the gene, encoding the fibronectin type III domain; nucleotide homology 56% to the most closely related genes such as Bsk. pTK29.4 fragment BamHI (nucl.14) to Hind111 (350) was subcloned into M13-mp18. The DNA probe was made by polymerisation with Klenow enzyme from universal primer in the presence of limiting amount of [a-35S]dATP (400 Ci/mmol; Amersham) plus a small proportion of [a-32P]dATP, followed by denaturation and purification of the labelled strand from an agarose gel (Rogers and Hunt, 1987) .
Probe 6 (opposite strand control). Identical to probe 7 except opposite orientation.
Probe 3. 32P-Labelled single-stranded DNA probe from the 3' part of the gene, covering the C-terminal domain (nucleotide homology 60-62% to the most closely related genes such as Bsk, Hek, MeM) and 3' untranslated region (negligible homology). Fragment Hind111 (350) to BamHI (1925) was subcloned into M13-mp9, and used to make the DNA probe covering XbaI (1407) to BamHI (1925) . Probe was made by polymerisation with Klenow enzyme from universal primer in the presence of [a-32P]dATP (1500 Ci/mmol; Amersham), followed by chase with unlabelled nucleotides, cleavage with XbaI, denaturation, and purification of the labelled strand from an agarose gel (Akam, 1983) .
Probe 2. 35S-Labelled RNA probe from the 3' part of the gene, covering similar region to probe 3. Clone pTK29.4 in pBluescriptSK+/-was cut with PvuII and used as template for T7 RNA polymerase to make a 35S-labelled RNA probe, complementary to sequences from PvuII (1323) to the 3' end.
Probe 1. 35S-labelled RNA probe from the 3' part of the gene. It covers the same region as probe 2 plus most of the kinase domain, which has nucleotide homology 76-77% to the most closely related genes such as Bsk, Hek, Mek4. Clone pTK29.4 was cut with BssHII and used as template for T7 RNA polymerase, complementary to sequences from BssHII (1019) to the 3'end.
For whole-mount ISH, a digoxigenin-labelled singlestranded DNA version of probe 2 was made, primed with an oligonucleotide around nucleotide 2000 of the pTK29.4
insert, labelled with digoxigenin-1 l-dUTP (Boehringer-Mannheim), and synthesised with Taq DNA polymerase through 20 thermal cycles as in Pate1 and Goodman (1992) .
All four antisense probes were judged to be specific for Ebk on the following grounds:
(i) Probes 2, 3, and 7 cover non-conserved regions of the gene (see above for % homologies with other genes).
(ii) These probes from the 5' and 3' halves of the gene gave the same ISH results; probe 1, which includes conserved kinase sequences, gave stronger signals but the same patterns.
(iii) Probes 3 and 6 were tested on a genomic Southern blot. For each probe, two of three lanes (digested with different restriction enzymes) showed only two bands (data not shown). This implies that there is no more than one cross-hybridising gene, and perhaps none if the two bands represent separate exons of Ebk.
Southern and northern blots were done using Hybond-N nylon membranes (Amersham), hybridised in a mixture which included 50% formamide and 5X SSC. The northern blot in Fig. 4 was probed with an RNA probe covering the same region as probe 7, at 63'C, and washed in 0.1 x SSC/l% SDS at 68°C. Other blots were hybridised with single-stranded DNA probe 3, at 42°C and washed in 1 X SSC/O. 1% SDS at 53°C to give the same stringency as for ISH.
In situ hybridisation to sections
In one set of experiments (e.g. Figs. 5-I l), procedures were similar to those used for chick embryos by Rogers and Hunt (1987) . Adult mouse brains, newborn and E17.5d mouse heads, and E14.5d embryos, were quickfrozen; E9.5 to E15d mouse embryos, and E16d rat brains, were fixed by immersion for 6 h in 4% paraformaldehyde in phosphate buffer pH 7, followed by 20% sucrose in phosphate-buffered saline (PBS) overnight, all at 4°C. All specimens were then embedded in Tissue-Tek, sectioned on a cryostat into 12-pm sections which were mounted on polylysine-coated slides (without gelatin), dried, fixed in cold 4% paraformaldehyde in phosphate buffer (pH 7) for 5 min, and further processed as described (Rogers and Hunt, 1987) , including Pronase digestion for the sections of E9.5 to E15d mouse embryos which had been pre-fixed by immersion. Sections were stored at -2O'C either dry or in 95% ethanol. Before hybridisation, the sections were incubated in prehybridisation mixture at room temperature for a few minutes, then this was replaced with hybridisation mixture with probe (Rogers and Hunt, 1987) and the slides were covered with Parafilm and incubated at 42°C overnight. Washes were in 1X SSC, with the most stringent wash being in 1 X SSC plus 20 mM dithiothreitol plus 0.1% SDS for lo-15 min at 53"C, followed by 0.1 X SSC at room temperature, and dehydration through ethanols containing 0.3 M ammonium acetate.
In another set of experiments (e.g. Figs. 12,13), mouse embryos at ages E7.5d to E15.5d were isolated, fixed overnight in 4% paraformaldehyde (shorter fixation time for younger embryos), dehydrated with ethanol and xylene, processed for paraffin embedding, sectioned at 6 pm thickness, and mounted on 3-aminopropyltriethoxysilanetreated slides (Sigma). After removal of paraffin, the sections were predigested with proteinase K, acetylated with acetic anhydride, dehydrated and hybridised as described by Frohman et al. (1990) except that base hydrolysis of probe was omitted.
Structures were identified using the atlases of Kaufman (1992) and Schambra, Lauder and Silver (1992) .
In situ hybridisation to intact embryos
Whole-mount ISH was done by a variation of the method of Wilkinson (1992) (D.G. Wilkinson, pers. commun.) . For our DNA probe, we found that permeabilisation required proteinase K at 40pglml for 30 min, or (especially for later embryos with closed cavities) pronase E at 250pg/ml in 50 mM Tris (pH 7.5), 5 mM EDTA, 9% sodium dodecyl sulphate, for 15 min. Hybridisation was at 50°C. Digoxigenin detection reagents were from Boehringer Mannheim.
Note added in proof
Since this paper was submitted, the Ebk gene has also been described by three other groups: T. Ciossek et al. (mouse gene, named MDK-I; Oncogene 9 (1995) 97); G. Fox et al. (human gene, named HEK-II; Oncogene 97 (1995 Oncogene 97 ( ) 1573 . It may be of interest that the Ebk gene maps close to the mouse mutation Wheels, which gives recessive lethality and dominant defects of the semicircular canals (P. Nolan et al., Genetics 140 (1995) 245).
